Abstract. Shape memory alloys (SMA) belong to the group functional materials which can be activated thermally. Along with a phase transformation, they can remember a previously imprinted shape and have a special resistance behavior. Therefore, they can also be used as a sensor and may be capable of detecting various system states in technical systems. This paper makes a contribution by evaluating the measurability of measured variables by SMA elements. Furthermore, it investigates the technically relevant states of "blockade" and "activation" of electrically activated shape memory actuators. It develops and validates an algorithm which is able to detect a possible "blockade". Moreover, this work presents a hardware concept for a condition monitoring system of shape memory actuators.
Introduction
The electrical activation of SMA actuators has several advantages compared to conventional actuators, e.g. reduced space or simple methods to monitor the system [1] . Evaluating experimental data has revealed that there is a high dependency of the electrical resistance or current as well as specific actuator states such as the remaining lifetime [2] , elongation [3] , stress [4] , temperature [3] [5] or blockage [6] . By condition monitoring it is possible to provide recommendations for action in case an error is detected [7] - [9] . The following study develops a condition monitoring for the actuator state "blocked" as well as a proper "activation" in order to give specific recommendations regarding the SMA actuator system.
Structure
Preliminary different measurands are classified regarding their ability to be monitored by an SMA element. Based on this classification, specific actuator errors are assigned to certain measurands. A fault tree analysis is performed in order to derive certain recommendations for the representative actuator state "blocked". A series of experiments are performed in order to find a specific criterion to differ a blocked actuator from a fully activated one. After evaluating the data, an algorithm is derived which is able to detect the blockage of an SMA actuator. Finally, this work develops a physical condition monitoring system with a Raspberry Pi.
Available Measurands and Status Detection with SMA
All measurands are grouped according to [8] - [13] and presented in Figure 1 . Based on the results taken from the publications of [3] SMA elements are capable to measure the specific measurands. Through measuring variables it is possible to formulate statements concerning the monitoring of system states. Consequently, this leads to a certain system intelligence. Mechanical variables are generally measurable except for torque and rotational speed. Torque can only be applied for small ranges and rotational speed is not detectable. Process variables such as the number of produced goods or quality are measurable indirectly through SMA elements. Regarding the number of produced goods, the number of activations of the SMA element is an indicator. Information on the product quality can be gathered if the quality characteristic depends on the proper closing or opening of the SMA actuator. The thermal sensitivity of SMA elements makes them suitable for measuring thermal variables especially during the phase transformation. Electric measurands are easy to access during the electrical activation. However, it is not advantageous to exclusively use them as a sensor for measuring electrical variables. Fluidic variables can be measured by using an SMA sensor element, as shown on the basis of fluid velocity [14] . Therefore, it is possible to measure e.g. the flow rate and loss. 
Condition Monitoring with a Binary Moving SMA Actuator
The state of the actuator "blocked" is further analyzed by using a fault tree analysis. This is presented in figure 2 . Different reasons for the error are summarized. The main triggers leading to a functional failure are blockage and the lack of performance of the SMA actuator system. In the event of a loss of function due to a lack of performance of the SMA actuator, relevant aspects to be considered are SMA-unspecific events like damaged reset elements as well as material-specific events like material fatigue. The functional and structural fatigue can both be detected by the electrical resistance. Therefore, it is possible to predict the time until the required displacement cannot be reached. The other trigger blockage is particularly interesting because it directly indicates a faulty operation and thus should be prevented or at least easy to detect. It is assumed that by changing the electrical resistance during the phase transformation it is possible to detect blockage if it occurs [6] . As it is possible to evaluate blockage, the functionality of the actuator system can be evaluated after each activation. In case of such an event, it is recommended to perform the next activation with reduced energy in order to validate the sustainability of the error. If the blockage still exists, it is possible to initiate countermeasures. However, there has not been any reliable investigation which directly focuses the blockage of an SMA actuator system. To validate the state and fault detection with SMAs, further experiments are required for its validation. For this purpose, the case of blockade is examined more closely in the following paragraph. 
Material and Methods

Experimental Setup and Material
The series of experiments are performed in order to propose a model for the blockade detection of an SMA actuator. Smartflex90 from SAES Getters are used as samples. When the wires are activated, the electrical voltage is controlled. Therefore, the current arises out of voltage. For this reason, this analysis uses the current instead of the electrical resistance. The analyzed SMA actuator wire should show significant differences in its behavior of the electrical current if it is blocked compared to a regular activation. Figure 3 shows the experimental setup for this study. The sample is mounted between an isolating layer and a copper block. This minimizes the electrical resistivity. The blocking of the wire is performed by a firm connection of the lower specimen mounting and the test frame. A blocking of the wire is defined as a reduction of the wire's movement by 90%. A complete activation is defined as a movement of 4 mm or more. All required experimental parameters are summed in figure 3. 16 wires in total are blocked five times and each wire is activated 70 times. The newly mounted samples are activated 30 times at the beginning of the measurement. Afterwards they are blocked once and activated ten times. This cycle is performed five times. Figure 4 presents the current-time diagrams for an activated (left) and a blocked (right) SMA wire. For a better overview, the scale is fitted to the relevant area. The current is scattered on purpose. The higher current leads to a higher wire movement and allows an analysis of blocking at these movement levels. The range of the movement is from 4 mm to 6 mm. Significant differences in the current-time plots can be identified both by a qualitative analysis of the plot's trend and by a quantitative analysis of the current's level. The activated wire follows a rather cubic trend while the blocked trend can be described as rather squared. For the activated wire the current's level in the beginning of the activation process is higher than in its end. For the blocked wire, the levels vary inversely to the trend of the activated wire (See table 1). 
Results
For a data analysis, a test algorithm is derived in order to distinguish blocking from activation. The process is shown in Figure 5 . The criterion "higher than 250 mA" is chosen to make a clear difference between the beginning of the activation and measurement noises. The value is based on experience and is specifically chosen for a wire diameter of 0.5 mm. The power source delivers its electrical output after 1 ms. By a measure frequency of 50 Hz, this leads to five values until the required values are reached. In order to increase the reliability, this value was set to ten. The algorithm is used for 80 data sets of a blocked and for 80 data sets of an activated wire. One activation and one blocking are wrongly detected. The false detected activation leads back to a lack of movement. The minimum movement is set to 4 mm but due to a deterioration, the sample movement decreased to 3.5 mm. In conclusion, the criterion "complete activation" is not met. The wrongly detected block is located in an insufficiently installed blocking tool. This causes a reduction of movement by just 80% instead of the required 90%. This makes this variation to an outliner and it will not be further regarded. It has been possible to detect a total of 100% of the blockings and 98.6% of the activation. This leads to the conclusion that the algorithm works properly. 
Concept of a Condition Monitoring System for Electrically Activated SMA Actuator Systems operating binary
Setting up a condition monitoring system requires further components such as a sensor to acquire current and voltage. The sensor sends its signal to a microcontroller with enough power for data processing and saving as well as an Ethernet or Wi-Fi connection to send out messages in case of detected errors. In this case a raspberry is chosen. For a prototype, the LMP92064 by Texas Instrument is used as a sensor. It delivers its data via an SPI Interface. The most fitting micro controller is a raspberry pi because it combines all requirements and is an open source system. Figure  6 shows the circuit diagram. This concept can be seen as a hardware concept of [15] [16] . The reliability of SMA actuators is increased by the more precise surveillance of system states. This decreases failure and, in consequence, the availability of technical systems which rely on the usage of SMA actuators.
Conclusion and Outlook
The paper has evaluated the possibility of using SMA elements as a sensor for acquiring different measure variables. As a result, it has been possible to prove that SMAs are well suited to measure especially mechanical, processual or fluidic variables and to be used as an actuator sensor system to detect errors and states. This work has examined how to detect the blockade of an operating SMA actuator system. Moreover, an algorithm for this purpose has been developed and validated. In conclusion, the approach to develop a condition monitoring system for SMA actuators is a promising field of research. This also increases the possible applications, which, however, will also require new business models.
Outlook
To put sensoring and condition monitoring with SMAs into practice, more research is needed. Further studies should focus on other faults and states than those presented in this paper. Additionally, it is necessary to investigate the extent to which factors such as environmental issues or actuator-specific factors influence the possibility of error detection. Furthermore, investigations are required to develop proper electronics which are customized to the needs of SMAs. These electronics have to consider the requirements of SMAs and should realize low-cost condition monitoring solutions. Finally, it will be necessary to run a long-term test of SMA actuator systems under real conditions.
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